Human CRC organoid culture
Patient-derived colon organoids were maintained as described previously (van de Wetering et al., 2015) . The TPOseries were maintained as described previously (Drost et al., 2015) . In general, culture medium is based on To confirm correct sample identity in the lab, used organoid lines were regularly tested by SNP analysis.
Organoid transfection
Before transfection, organoids are cultured on high-WNT medium (50% WNT and 20% R-spondin). Organoids were trypsinized in 2mL Trypsin EDTA (200mg/L) for 1-2 minutes at 37°C and dissolved in 225μL DMEM/F12 (lacking penicillin/streptomycin) containing EGF, Noggin, and R-Spondin-1 (ENR) plus 10μM Y-27632. The transfection mixture contained 50μL Opti-MEM, 500ng DNA reporter plasmid, 250ng transposase and 2,25μL Xtremegene9 (Roche) transfection reagent for each well of a 24-well plate. The transfected organoids were incubated for 5h at 37°C/5%CO2 before plating in Matrigel. To boost organoid survival after transfection, culture medium was supplemented with WNT CM and 10μM Y-27632 for the first four days. From day two onwards, organoids were selected with Puromycin (2mg/ml). Reporter plasmids used: Tol2 KLHDC4-min.pLGR5-tagRFPt_PGK-puro (in SIM Bl6 organoids). Tol2 8xSTAR-min.pLGR5-mNeonGreen_PGK-puro (in SIM Bl6 organoids). Tol2 8xSTAR-min.pLGR5-tagRFPt_PGK-puro (in SIM Lgr5-DTR-GFP organoids). Tol2 5xTOP-tagRFPt_PGK-Puro (in SIM Bl6 organoids and in human Triple APC/ KRAS/ TP53 and Quadruple mutant STAR colon organoids). Tol2 5XAscl2-5xTOP-tagRFPt_PGK-Puro (in SIM Bl6 organoids). (Genomic location of KLHDC4 enhancer (chr16: 87732692-87733464)).
Organoid transduction
HEK293T cells were plated at 25% confluency in 10cm dishes. The next day, each dish was transfected with 5μg lentiviral reporter plasmid (pLV backbone), 1μg pHDM.Hgpm2, 1μg Rev, 1μg Tat and 2μg HDM.G, dissolved in 100μL Opti-MEM transfection medium. Xtremegene9 (Roche) was used as transfection reagent and added in 2:1 ratio with DNA and washed away by culture medium after 24h. Viral particles were harvested from cells four days after transfection and concentrated by spinning at 32,000 rpm for 2,5h at 4°C. Pellet was dissolved in 250μL
WENR medium supplemented with 10μM Y-27632 and Polybrene (8mg/ml).
Before transduction, organoids were cultured on high WNT medium (50% WNT CM, 20% R-spondin CM).
Organoids were trypsinized in 2mL Trypsin EDTA (200mg/L) for 1-2 minutes at 37°C until all organoids were in a single cell stage. Reaction was stopped with Trypsin inhibitor (Sigma). After 1 washing step, concentrated virus was added to the organoid pellet and spun at 600 rpm for 1h at 4°C. Subsequently, organoids were incubated for 4h at 37°C/5%CO2 before plating in Matrigel. After transduction organoids were grown on WENR medium supplemented with 10μM Y-27632 for the first four days. Selection was carried out from day 2 onwards with either neomycin (300mg/ml), blasticydin (150mg/mL) or puromycin (2mg/ml) depending on the plasmid selection cassette.
Immunostaining of mouse organoids
Matrigel was dissolved using Dispase (1mg/μL) and centrifuged at 400rpm for 5 minutes at 4°C. Pellets were gently dissolved in PBS and added to Lab-Tek chambered coverglass system. Organoids were fixed using 4%
formaldehyde for 10 minutes at 4°C. For immunofluorescence analyses, the mouse organoids were washed with PBS for 1h, permeabilized with PBD0,2T (48,5ml PBS, 1mL 10%Triton, 0,5mL DMSO and 0,5g BSA), and incubated with primary antibody at 4°C overnight. Primary antibodies included anti-Lysozyme (1:1500, Dako).
Secondary fluorophore-conjugated antibodies include Alexa Fluor 488, Alexa Fluor 563, and Alexa Fluor 647.
Wheat Germ Agglutinin conjugated fluorophore (Alexa Fluor 488). Nuclei were visualized by DAPI or Hoechst 3342 (Sigma). Images were captured with a Leica SP8X microscope.
Live-cell imaging and colony forming efficiency
To visualize phenotype and cell number of human organoids over time, we infected human TPOs and patientderived CRC organoids P16T and P19bT with a lentiviral vector containing 4xSTAR repeats driving TagBFP2 expression linked with an IRES sequence to a blasticidin selection cassette (pLV-4xSTAR-min.pLGR5-TagBFP2-IRES-Blast.) and a pLV-H2B-mNeonGreen-IRES-puro. Blast selection was only carried out from day 2 to 5 after infection. Alternatively, we infected human CRC organoids P9T with a lentiviral vector containing 4xSTAR
repeats driving TagRFPt expression in addition to a general PGK promotor driving H2B-mNeonGreen linked to puromycin selection cassette via a P2A sequence (pLV-4xSTAR-min.pLGR5-TagRFPt::PGK-Puro-P2A-H2B-mNeonGreen For the colony forming efficiency assays, 3000-5000 viable single cells were collected via FACS and plated over five wells with a density of 50-300 cells per well of a glass-bottom 384-well plate. Using bright field and livefluorescence imaging, single cells were monitored at day 0 and after 10 days of culture organoid formation was quantified (Colony forming efficiency %).
Cell culture and smFISH
LS174T and HEK293T cells were cultured in DMEM supplemented with heat-inactivated FBS (Sigma, 10%) and Penicillin/Streptomycin.
LS174T cells were grown on coverslips and transfected with dnTCF4 for 72h. For the smFISH, the samples were prepared as previously described (Raj and Tyagi, 2010) . Briefly, cells were fixed for 10 minutes with 4%
Formaldehyde solution (SIGMA) and 70% Ethanol overnight. Samples were then hybridized with Cy5 labelled Lgr5 probes (Stellaris, Biosearch Technologies) and mounted to the microscopy slide using Prolong Diamond Antifade (Invitrogen). The images were acquired on a deconvolution system (DeltaVision RT; Applied Precision) using 40x lens.
Cell transfection and dual luciferase assay
The generated reporters were constructed in a pGL4.10 backbone and transfected with Xtremegene9 (Roche) in all cell lines, with Renilla luciferase as a transfection control. The dual luciferase assay system of Promega was used to measure reporter activity. Empty pGL4.10 or pGL4.10-min.hLGR5 served as negative controls. All luciferase activities were normalized to Renilla. Subsequently, reporter activities were normalized to pGL4.10-min.hLGR5 promoter.
Nuclear extracts of LS174T cells
15cm plates were transfected with 15μg pcDNA3-flag-ASCL2 plasmid using PEI and harvested after 2 days for the preparation of nuclear extracts (Dignam et al., 1983) . LS174T cells were harvested from 15cm plates using trypsin and plates were washed twice using PBS. Centrifugation at 4⁰C at 500g for 5 minutes was used to pellet the cells followed by an additional PBS wash and centrifugation. Afterwards the cell pellet was swelled by adding 5 volumes of cold buffer A (10mM HEPES KOH pH 7.9, 1.5mM MgCl2, 10mM KCl) for 10 minutes on ice followed by centrifugation at 4⁰C for 5 minutes at 500g. The cell pellet was re-suspended in 2 volumes of buffer A (with the addition of complete protease inhibitors and 0.1% NP-40) and transferred to a dounce homogenizer.
The cells were homogenized through 30 strokes using a type B pestle (tight) on ice. Afterwards the cells were spun for 15 minutes at 3200g at 4⁰C. The nuclear pellet was washed once with PBS and centrifuged at 3200g for 5 minutes at 4⁰C. The pellet of nuclei was re-suspended afterwards in 2 volumes of buffer C (420mM NaCl, 20mM
HEPES KOH pH 7.9, 20% v/v glycerol, 2mM MgCl2, 0.2mM EDTA) with the addition of 0.1% NP-40, complete protease inhibitors, and 0.5mM DTT. Followed by 1h rotation of the suspension at 4⁰C and a 30min spin at 18000g at 4⁰C. The supernatant was aliquoted for further use and stored at -80⁰C.
DNA pulldown
DNA oligo's of the 4x STAR and 4x mSTAR repeats were amplified using the primers 'Ascl2_repeats_bio_FW'
and 'Ascl2_repeats_RV', followed by 5'-biotinylation of the oligo's using '5' Biotin TAG FW' and 'Ascl2_repeats_RV'. For the DNA-pulldown 20μl of Streptavidin-Sepharose beads slurry was used per pulldown. 0.25% NP-40, and 1mM DTT). 500μg of LS174T nuclear extract was combined with a total volume of 600μl
protein incubation buffer and added to the beads. 10μg of competitor DNA (5μg poly-dldC, and 5μg poly-dAdT) was added and the beads with the extract were incubated for 90 minutes rotating at 4⁰C. Beads were spun for 2 minutes at 2000g at 4⁰C and washed three times with protein incubation buffer and twice with PBS, followed by removal of the supernatant using a 30G syringe. The proteins bound to the beads were reduced using elution buffer (2M urea, 100mM ammonium bicarbonate, and 10mM DTT) for 20 minutes shaking at room temperature.
Alkylation of the samples was subsequently done by adding 50mM iodoacetamide (IAA) and incubated for 10 minutes shaking at the dark at room temperature . Afterwards on bead digestion was used to digest the proteins in tryptic peptides (Smits et al., 2013) .
Label-free FLAG pulldown
The label-free pulldown was performed in triplicate (Smits et al., 2013 ) using 20μl of anti-FLAG M2 affinity gel (Sigma) per pulldown. Beads were washed three times with buffer C (300mM NaCl, 0.5% NP-40, complete protease inhibitors, and 0.5mM DTT) for 2 minutes at 2000g. Afterwards the beads were incubated for 90 minutes on a rotating wheel at 4⁰C with 1mg LS174T nuclear extract per pulldown and 50mg/ml ethidium bromide in a volume of 400μl buffer C. After incubation, the beads were washed twice with buffer C (300mM NaCl, 1% NP-40), twice with PBS (1% NP-40), and twice with PBS. Afterwards on bead digestion was used to digest the affinity purified proteins in tryptic peptides (Smits et al., 2013) . Finally, the tryptic peptides were acidified and desalted using C18 Stagetips prior to mass spec analysis (Rappsilber et al., 2007) .
Dimethyl labeling on stage tip
The tryptic peptides from the DNA pulldown were applied to C18 Stagetips (without acidification) (Rappsilber et al., 2007) . Afterwards the Stagetips were labelled using dimethyl labeling (Lau et al., 2014) . Label swapping was performed for each replicate (forward and reverse). 300μl of labeling reagent light (16.2 μl CH2O 37%) or medium (30μl CD2O 20%) in 3mL dimethyl labeling buffer (10mM NaH2PO4, and 35mM Na2HPO4) and 6 mg NaBH3CN was added to each Stagetip and spun at 2200g for 10 minutes at room temperature. Afterwards, Stagetips were washed once with buffer A (0.1% formic acid).
LC-MS/MS analysis and data analysis
For LC-MS/MS analysis of the DNA-pulldown and the label free FLAG-pulldown (Kloet et al., 2016) , the tryptic peptides were separated by an Easy-nLC 1000 (Thermo Fisher) connected online to an Orbitrap Fusion Tribrid mass spectrometer (Thermo Scientific).
MaxQuant (version 1.5.1.0) (Cox and Mann, 2008) was used to analyze the raw MS spectra by searching against the Uniprot curated human proteome (downloaded December 2015) . For the analysis of the label-free FLAG pulldown and the DNA pulldown LFQ, iBAQ, and match between runs were enabled. Additional, for the analysis of the DNA pulldown, the multiplicity was set to 2, labels were specified (dimethylLys0, dimethyl Nter0, dimethylLys4, dimethylNter4), and re-quantify was enabled. Scatter plots were generated using in-house R scripts.
Volcano plots were produced as described earlier (Hubner and Mann, 2011) by using Perseus (1.4.0.20) . Briefly, filtering on the protein list was applied for contaminant and reverse hits. Transformation in log2 was done for the LFQ values and missing values were imputed by normal distribution. The significant proteins were determined using a two samples t-test. Finally, volcano plots were generated using in-house R scripts.
Orthotopic xenotransplantation of organoids
The orthotopic transplantation of organoids executed as previously described (Fumagalli et al., 2017) . In short, the day before transplantation organoids were collected and dissociated in 3 -5 cell clumps using TrypLE Express (Life Technologies) and mechanical dissociacion. About 250,000 cells were plated in 15 µl neutralized Rat Tail High Concentrated Type I Collagen (Corning) drops and let recover overnight at 37°C, 5% CO2. 8 -12 weeks old females NOD.Cg-Prkdc scid Il2rg tm1Wjl /SzJ (NSG) mice were used as acceptors. The animal experiments were performed according to the national and institutional guidelines. Animals were kept at the Hubrecht animal facility in Utrecht, The Netherlands. Before surgery, the mice were administered with a sub-cutaneous dose of buprenorphine (3µg per mouse, Buprecare, ASTfarma). The animals were subsequently sedated using isoflurane inhalation anesthesia (~2% isoflurane/O2 mixture). The cecum was exteriorized through a midline abdominal incision and a single collagen drop containing the cells was surgically transplanted in the caecal submucosa. The mice were checked weekly for presence of tumors via abdominal palpation.
Flow cytometry of tumor cells
Mice were sacrificed four months after transplantation and orthotopic tumors were carefully dissected. Tumors were minced in pieces of about 1-2 mm and digested in Collagenase Type II (Thermo Fisher Scientific) for 1h hour at 37 ⁰C while shaking. Next, cells were filtered through a 70 µm cell strainer, washed and spun down at 1200 RPM at 4 ⁰C. Finally, the pellet was collected into culture medium (human CRC as described above, including 10μM Y-27632). To label dead cells we incubated single cells with 3μM Draq7 (Cell Signaling) for 10 minutes. Viable cells were sorted using the Aria III (Becton Dickinson) and data was analyzed with FACS Diva software.
Flow cytometry of organoid cells
Organoids were harvested and trypsinized for 1-2 minutes at 37 ⁰C. Trypsin inhibitor in a 1:1 ratio with trypsin blocked the reaction. Cells were washed and spun down at 1200 RPM at 4 ⁰C. Next, the pellet was taken up into culture medium (human CRC or mouse intestinal organoid medium as described above, including 10μM Y-27632 and 2% Matrigel of the final volume) and passed through a 40μm filter. To label dead cells we incubated single cells with 3μM Draq7 (Cell Signaling) for 10 minutes. Viable cells were sorted using the Aria III (Becton Dickinson) and data was analyzed with FACS Diva software.
RNA sequencing
RNA from the FACS sorted organoids was extracted using the RNeasy RNA extraction kit (Qiagen) with DNAseI treatment. A maximum of 250ng RNA per sample was used for ribosomal RNA depletion using the Ribo-Zero
Gold rRNA removal kit (Illumina) followed by an ethanol precipitation. Afterwards the RNA was fragmented for 5 minutes at 95⁰C using 5x fragmentation buffer (200mM tris-acetate, 500mM potassium acetate, 150mM magnesium acetate, pH 8.2). Ethanol precipitation was used to precipitate the fragmented RNA followed by first strand cDNA synthesis with Superscript III (Life Technologies) and second strand cDNA synthesis. Samples were purified using QIAquick MinElute columns (Qiagen) with ERC buffer. A maximum of 2ng cDNA per sample was used for library preparation using the Kapa Hyper Prep Kit (KAPA Biosystems). In short, end repair and A-tailing of the double stranded cDNA was done by incubating de cDNA with end repair and A-tailing buffer and enzyme mix followed by incubation at 20⁰C for 30 minutes and 65⁰C for 30 minutes. Afterwards, unique NEXTflex DNA barcodes (Bioo Scientific) were ligated to the samples by incubation with ligation buffer, DNA ligase, and the NEXTflex DNA barcode (14nM) for 15 minutes at 20⁰C. The barcode ligated samples were purified using a 0.8x SPRI magnetic beads cleanup (Agencourt AMPure XP reagent). The purified samples were incubated for 15 minutes at 37⁰C with USER enzyme (New England Biolabs) to digest the 2 nd cDNA strand. Libraries were amplified by adding 2x KAPA HiFi Hotstart ReadyMix and 10x Library Amplification Primer Mix to the purified samples followed by PCR amplification (10 cycles). Amplified libraries were purified using QIAquick MinElute columns (Qiagen) followed by size selection of 300bp using E-Gel SizeSelect Agarose Gels 2% (Thermo Fisher Scientific). Size selected libraries were controlled for correct size selection using the BioAnalyzer (Agilent) and the concentration was measured using the KAPA Library Quantification Kit (KAPA Biosystems). Sequencing was performed using a Illumina HiSeq 2000 machine and generated 50bp paired-end reads.
RNA sequencing analysis
Paired-end reads were aligned to the hg38 transcriptome annotation from UCSC (Rosenbloom et al., 2015) with
Hierarchical Indexing for Spliced Alignment of Transcripts (HISAT2) version 2.0.4 with reporting alignments tailored for transcript assemblers enabled (Kim et al., 2015) . Reads were counted with the htseq-count script in the HTSeq framework (Anders et al., 2015) , followed by differential gene expression analysis in DESeq2 (Love et al., 2014) . Surrogate Variable Analysis (Leek and Storey, 2007 ) was used to account for possible batch effects and the 'rlogTransformation' function in DESeq2 was used for variance stabilization of the gene expression data. Prior to investigating STAR specific gene expression, dynamics between different organoid strains were regressed out.
Gene Set Enrichment Analysis
For Gene Set Enrichment Analysis (GSEA) we used the ISC signature from Munoz et al. as ISC gene set. To define a REG4+ DCS gene set, we compared available RNA sequencing data of Lgr5+ and Reg4+ DCS cells from Sasaki et al., and considered the genes with at least a two-fold upregulation and a p-value < 0.05 (by Student T Test) as a REG4+ DCS specific gene signature. Human orthologs of both gene sets were identified with bioDBnet (Mudunuri et al., 2009 ).
Statistics
GraphPad Prism software (version 6) was used to perform all statistical analyses unless otherwise specified. 
